Multiple, selectively neutral genetic markers are the most appropriate tools for analysis of parasite population structure and epidemiology, but yet existing methods for characterization of malaria field samples utilize a limited number of antigen encoding genes, which appear to be under strong selection. We describe protocols for characterization of 12 microsatellite markers from finger-prick blood samples infected with Plasmodium falciparum. A two-step, heminested strategy was used to amplify all loci, and products were visualized by fluorescent end-labelling of internal primers. This procedure allows amplification from low levels of template, while eliminating the problem of spurious products due to primer carry over from the primary round of PCR. The loci can be conveniently multiplexed, while accurate sizing and quantification of PCR products can be automated using the  software. The primers do not amplify co-infecting malaria species such as P. vivax and P. malariae. To demonstrate the utility of these markers, we characterized 57 infected finger-prick blood samples from the village of Mebat in Papua New Guinea for all 12 loci, and all samples were genotyped a second time to measure reproducibility. Numbers of alleles per locus range from 4 to 10 in this population, while heterozygosities range from 0n21 to 0n87. Reproducibility (measured as concordance between predominant alleles detected in replicate samples) ranged from 92 to 98 % for the 12 loci. The composition of PCR products from infections containing multiple malaria clones could also be defined using strict criteria and scored in a highly repeatable manner.

Genetic markers are powerful tools for investigating the population structure and epidemiology of parasites. For both these purposes, the most effective approach is to use multiple markers that are selectively neutral. Multiple loci are used since measures of population structure characteristically show high levels of variance among loci (McDonald, 1994 ; Nei, 1973) . For this reason, surveys of population structure in free-living (Ward et al. 1992) , parasitic (Paggi et al. 1991) and microorganisms (Selander et al. 1986) generally use between 10 and 20 independent loci. Selectively ' neutral ' loci are preferred, since the aim is to use these markers to make inferences about population history or transmission of parasites between hosts. Selected loci may give a distorted view of population structure and transmission dynamics, since selection rather than population history may determine the patterns of distribution of alleles within populations for these loci (Hastings, 1996 ; McDonald, 1994) .
There are currently few genetic markers that are routinely used for work on the population genetics and epidemiology of malaria parasites. The loci commonly used include the merozoite surface antigens I and II (MSP-1 and II) (Felger et al. 1994 ; Babiker et al. 1994 Babiker et al. , 1997 Babiker, Satti & Walliker, 1995 ; Paul et al. 1995 ; Kyes et al. 1997) and less frequently the circumsporozoite surface protein (CSP) and glutamine rich protein (GLURP) (Paul et al. 1995 ; Brockman et al. 1999 ) and the S-antigen (Forsyth et al. 1989 ; Kyes et al. 1997) . There is abundant evidence that these loci are under rather strong immune selection. This evidence comes from comparison of ratios of synonymous and nonsynonymous mutation (Hughes, 1991 ; Hughes & Hughes, 1995 ; Felger et al. 1997 ; Rich, Hudson & Ayala, 1997 ; Escalante, Lal & Ayala, 1998) , and for MSP-1, from the extreme age of allelic lineages (Hughes, 1992) .
Experimental immunology provides additional evidence that these molecules are under intense immune selection. Indeed MSP-1, MSP-2 and CSP are all components of current vaccine candidates (Amador & Patarroyo, 1996) . For MSP-1, vaccination with recombinant protein has shown to be protective in monkeys (Etlinger et al. 1991) , while antibody responses against this molecule protect against clinical disease (Egan et al. 1996) . Antibodies to MSP-2 inhibit parasite invasion of red blood cells (Epping et al. 1988) , and are associated with protection from clinical disease ((Al Yaman et al. 1994 Taylor et al. 1998) . Furthermore, the immunity elicited appears to depend on MSP-2 genotype (Al Yaman et al. 1994 ; Ranford Cartwright et al. 1996) . For GLURP there is also some correlative evidence for protective immunity against clinical disease (Dziegiel et al. 1993) .
Recent work by Gilbert et al. (1998) further underscores the potential problems of using selected genes as genetic markers. These authors demonstrated that parasites bearing different epitope sequences at the CSP locus are distributed non-randomly within individuals and provided compelling evidence that these patterns result from immune selection mediated through altered peptide ligand antagonism. Similarly, Kyes (personal communication) has observed non-random combinations of MSP-1 alleles in multiply infected individuals. Clearly, the patterns of distribution observed are unlikely to accurately reflect parasite transmission patterns in these cases.
Fortunately, many other polymorphic loci are available in the genome of malaria. Simple sequence repeats of microsatellite loci are extraordinarily abundant in the genome of P. falciparum, occurring every 2-3 kb in both coding and non-coding sequences (Su & Wellems, 1996) . These loci have been exploited to map phenotypes of interest in the progeny resulting from the genetic cross between HB3 and Dd2 (Su et al. 1997) , but have so far not been used for work on malaria population genetics and epidemiology. We describe how a selection of the microsatellite loci described by Su & Wellems (1996) can be adapted for use with infected fingerprick blood samples. We investigate the species specificity of these markers and describe how their characterization can be automated. Finally we document patterns of allelic variation, multiple infection and measurement repeatability in a population of parasites from Papua New Guinea. Su & Wellems (1996) have described primers for the amplification of 224 microsatellite sequences from P. falciparum. They used these markers to characterize the progeny of Dd2iHB3 genetic cross as well as a collection of 12 laboratory malaria clones isolated from locations world wide. Since we wanted to develop markers for working with field samples, which frequently contain 1 allele\locus, we selected only loci which showed clear banding patterns with DNA prepared from laboratory clones. Stutter bands are a characteristic feature of microsatellite markers and are most problematic in di-nucleotide microsatellite sequences or monomeric tracts. We therefore only used loci with repeat units of 3 bases or more.
  

Selection of loci
Amplification strategy
Levels of parasitaemia are highly variable in natural infections and are frequently very low. We used a heminested strategy similar to that used for genotyping single sperm (Arnheim, Li & Cui, 1991) to adapt primers for use with malaria field samples. An additional flanking (or internal) primer was designed. The 2 external primers are used in the first round of amplification. An internal labelled primer together with the opposite flanking primer were then used in the second round. Primer sequences and reaction conditions are described in Table 1 . This approach has a major advantage over the full nesting of primers, in which 2 internal primers are used in the secondary round. Although products may be generated by primers carried over from the first round of PCR, these products will not be endlabelled and will therefore not be visible. As such, spurious bands resulting from primer carry over are not a problem with this technique.
End-labelling and automation of allele sizing
Fluorescent-labelled primers for use on an ABI automated sequencer were purchased (MWG Biotech, Germany). The dyes used for labelling the different loci are shown in Table 1 . First-round PCR reactions were multiplexed, such that reactions for pairs of loci were conducted in the same PCR tube. The pairs of loci multiplexed are indicated in Table  1 . Second-round amplifications were conducted individually for each locus. PCR products amplified from each DNA sample were pooled into 2 groups of 6 loci (indicated in Table 1 ) together with internal size standards (TAMRA 350, Applied Biosystems) for electrophoresis.
We used  and  software (Applied Biosystems) to automate measurement of allele length and to quantify peak heights in samples containing multiple alleles per locus. We discarded data from samples that amplified poorly for particular loci (maximum peak height 200 fluorescent units). We scored multiple alleles per locus if minor peaks were 25 % the height of the predominant allele present.
Specificity of primers
Field samples frequently contain infections with other malaria species (P. vivax, malariae or ovale). To ensure that the primers were specific to P. falciparum we tested all primers with P. vivax and Table 1 . Primer sequences and amplification conditions (All primers are listed 5h 4 3h. For each locus the first and second primers are used in the primary reaction and the second and third primers are used in the secondary reaction. With the exception of TA40-R(2), the primers labelled F and R for each locus are the same as those described by Su & Wellems (1996) . Primers listed third are internal to the other 2 and are end-labelled. The primary reaction (15 µl) contained 2 µl of template, 1n5 µl of 10ibuffer, 0n2 units Taq polymerase (Promega), 3n0 m Mg# + and 0n75 p of each primer. Cycling conditions for all loci were as follows : 2 min, 94 mC ; (30 sec, 94 mC ; 30 sec, 42 mC ; 30 sec, 40 mC ; 40 sec, 65 mC)i25 ; 2 min, 65 mC. The secondary reaction (15 µl) contained 1 µl of product from the primary reaction, 1n5 µl 10ibuffer, 0n2 units Taq polymerase (Promega) 2n5 m Mg# + and 2 p of each primer. Cycling conditions for all are as follows : 2 min, 94 mC ; (20 sec, 94 mC ; 20 sec, 45 mC ; 30 sec, 65 mC)i25 ; 2 min, 65 mC. Primary round reactions were multiplexed in the following combinations : TA1 and TA40 ; Polyα and TA60 ; G377 and ARAII ; PfPK2 and TA87 ; TA109 and TA81 ; TA42 and 2490. Second-round products from each sample were pooled for electrophoresis in 2 groups of 6 ; the first 6 loci listed (TA1 4 ARAII) comprised 1 pool while the second 6 (PfPK2 4 2490) comprised the other.)
Name
Label Sequence Accession number Chromosome
P. malariae DNA templates. Finger-prick blood samples were obtained from P. vivax and P. malariae-infected individuals from 4 villages in Madang province. These individuals were slidenegative for P. falciparum, but had high parasitaemias of either of the other two Plasmodium species. P. falciparum infection was not detected in these samples using a sensitive PCR assay, indicating that P. falciparum DNA was absent or present at undetectable concentrations. We did not test the primers against P. ovale.
Field samples
We investigated levels of variation in the 12 selected loci using blood samples collected from the village of Mebat in Madang province on the north coast of Papua New Guinea in November 1997. Finger-prick blood samples (ca. 50 µl) were absorbed onto 3MM Whatman paper and air-dried, while thin blood smears were prepared for microscopy. The numbers and identity of parasites observed in fields containing 200 white blood cells were recorded. Parasitaemias are expressed as numbers\µl of blood following multiplication by 40. Only blood samples containing microscopically confirmed P. falciparum infections were used. DNA was prepared using chelex extraction (Wooden, Kyes & Sibley, 1993) . DNA preparations were also carried out concurrently from plain Whatman paper discs, to control for contamination during DNA preparations ; these samples were used as negative controls. All DNA samples were genotyped twice for all 12 loci to measure reproducibility. Scoring and analysis of duplicate data sets was conducted independently to eliminate any bias. We used 3 measures to assess levels of genetic diversity. These were the number of alleles per locus, expected heterozygosity and variance in allele length. Expected heterozygosity (H ) for each locus is defined as the probability of drawing 2 alleles of different length from a population sample and is calculated as follows :
where p is the frequency of the ' i ' th allele and n is the number of alleles in the sample.
Sequencing of alleles
Three to five alleles from each locus were sequenced to confirm that the correct loci had been amplified. PCR products were purified (QIAquick PCR purification columns, Qiagen) and cycle sequenced directly in both direction with the primers listed in Table 1 using ABI technology (Big Dye Terminator cycle sequencing Kit, Applied Biosystems).

Species specificity of primers
We attempted to amplify the 12 microsatellite loci from DNA samples prepared from blood samples with high parasitaemias of P. vivax or P. malariae, but slide and PCR-negative for P. falciparum. Three samples were used in each case. The 3 P. vivax infected blood samples contained 2320, 3360 and 15 000 parasites\µl, while the 3 P. malariae infected samples contained 440, 480 and 960 parasites\µl. Ten microlitres of PCR products generated by each primer set were electrophoresed through 2 % Agarose gels, and visualized using UV fluorescence. None of the primers produced visible bands in the same size range as those produced with P. falciparum.
Allelic variation in field samples
Sixty of 159 (37n7 %) samples collected from Mebat were slide-positive for P. falciparum with parasitaemias ranging from 80 to 18 320 parasites\µl. Seventeen samples were co-infected with P. vivax, while none were slide-positive for P. malariae or P. ovale. Of these 60 samples, 3 samples were PCRnegative for all 12 loci. In these samples 3 parasites were documented. In view of the fact that these samples were PCR negative, we assumed that these samples represent slide reading errors and are in fact PCR negative or that DNA was lost during preparation. In the remaining 57 samples, amplification success ranged from 96 to 100 % in the 12 loci (Table  2) . We sequenced 3-5 PCR products generated by each primer set to ensure the correct loci had been amplified. In all cases sequences amplified were identical or similar to those from which the primers were designed (Su & Wellems, 1996, see Table 1 for Genbank Accession numbers). Patterns of sequence evolution at these loci are described elsewhere (manuscript in preparation). In all cases negative controls (DNA prepared from discs of Whatman 3MM paper) were PCR negative. Allele length is given in 3 bp increments. Descriptive statistics summarizing microsatellite variation in these samples are listed in Table 3 .
Peaks produced at all loci were well defined with minimal levels of ' stuttering ' allowing unambiguous sizing of products and detection of multiple infections (Fig. 1) . To describe patterns of allelic variation, we scored only a single allele\locus for each sample : in PCR products with 1 allele\locus, only the predominant allele was scored. This procedure was adopted since inclusion of more than 1 allele from multiply infected samples results in overestimation of the frequency of rare alleles. Scoring of the tallest peak at each locus was automated using the  software.
Patterns of variation in this population sample are illustrated graphically in Fig. 2 and summarized in Table 3 . Between 4 and 10 alleles were found per locus and expected heterozygosity ranged from 0n21 to 0n87. Allele length distributions varied considerably between loci. For 9 loci (ARAII, Pfg377, 2490, TA1, PfPK2, TA81, TA87 and TA109) the alleles observed formed a continuous length distribution with different alleles varying in length by a single repeat unit. Alleles at the loci Polyα, TA40, and TA42 showed a much broader and discontinuous distribution in length, with large differences between many alleles (Fig. 2) . TA42 is an extreme example. At this locus there are just 4 alleles, with a 60 bp difference between the shortest and longest alleles. Patterns of allele length distribution are crudely summarized in the variance column in Table 3 . In all cases differences in length between alleles are divisible by 3, suggesting that these sequences are situated in coding regions.
Reproducibility
The results reported in the previous paragraphs are derived from 1 set of data. To investigate the reproducibility of microsatellite genotyping of field samples we re-amplified and re-scored the same templates a second time. Samples were re-coded and analysed without reference to the results of the initial data. We compared the most abundant allele recorded per sample at each locus (Table 2 and Fig.  3) . The most abundant alleles present within PCR products were identical in the 2 data sets in 95n6% of all 636 comparisons and concordance rates were 92 % for all 12 loci. In 28\636 comparisons, we observed mismatches between the data sets. These mismatches were clustered in the data set, with all 28 mismatches occurring in just 12 of the 57 blood samples. Mismatches appear to occur for a number of reasons ; 13\28 mismatches occurred in samples containing 2 or more malaria clones at similar concentrations. In these situations 2 (or more) peaks of approximately similar height are observed, and the highest peak varies between replicates (see Fig.  3 ). In the other 15 comparisons, the mismatches were less easy to explain, with peaks of different length occurring in replicate samples. Subsequent re-amplification and re-scoring of these 15 PCR products revealed no ambiguity, suggesting that errors while setting up PCR reactions may explain these mismatches.
Multiple infections
Estimates of the numbers of alleles\locus observed in each infection are shown in Table 4 . Using the criteria described in the Materials and Methods section, up to 5 alleles were recorded in a single infection, while the mean number of alleles detected\ infection ranged from 1n21 for Ta109 to 1n42 for Polyα. Mean numbers of alleles\locus was positively related to heterozygosity (Fig. 4) as would be expected. Furthermore, scoring of infection complexity was highly repeatable : the same alleles and the same number of alleles per infection were scored in the replicate data sets in 80 % of comparisons for all loci (Table 5) .

Advantages of microsatellite loci
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In particular, PCR products from multiple loci can be labelled using different colours and run together in the same lane. Scoring of gels can be automated which saves time, eliminates subjectivity, eye-strain and human error, and allows high throughput data collection. Furthermore, internal size standards loaded in every lane allow accurate measurement of allele length. The PCR primers for these loci are specific to P. falciparum, failing to amplify other malaria species such as P. vivax and P. malariae. Furthermore, the primers amplified P. falciparum with great efficiency (Table 2) suggesting that sequences to which the primers anneal are conserved and that null alleles (Pemberton et al. 1995) are rare. Sequencing of multiple alleles at each of the 12 loci (manuscript in preparation) supports this conclusion, since there is remarkable sequence conservation in the flanking regions of all loci. This is reassuring, since null alleles may severely bias estimates of allele frequencies, heterozygosity and scoring of infection complexity.
Since malaria is for the most part endemic in developing countries with limited budgets, techniques for use in malaria research should ideally be cheap and feasible in molecular labs with minimal equipment. Microsatellite techniques require only PCR facilities and agarose gels to check products. Expenses on Taq, polymerase and other reagents are low for each locus analysed since reaction volumes are small and loci can be multiplexed. Automated sequencing facilities may not be available locally in many regions. However, many cheap efficient genotyping services are available (costs may be as low as $1 US per lane) so genotyping can be done ' by post ', and data files containing results returned electronically to laboratories in the field. There is no reason why these techniques should remain ex-clusively research tools for laboratories in affluent countries.
Measurement of infection complexity
Genotyping of malaria-infected blood samples is complicated by the existence of infections containing 1 malaria clone. These infections may result from sporozoites injected from a single mosquito or from bites by multiple infected mosquitoes. Quantifying the complexity or ' multiplicity ' of multiclone infections is of particular interest since it can provide information on the force of infection, and allows predictions to be made about the potential for reassortment and recombination in malaria populations (Hill & Babiker, 1995 ; Hill et al. 1995 ; Hastings & Wedgwood Oppenheim, 1997) . Unfortunately, accurate measurement of multiplicity is beset with problems. First, we need to have a precise definition of multiplicity and ways to apply this definition in an unbiased manner. Secondly, sensitivity to detect multiple bands depends critically on the amount of DNA loaded. As a result there is variation between samples in the sensitivity with which multiple infections can be quantified. Thirdly, the PCR techniques used must be quantitative (or at least semi-quantitative) if we are to infer the composition of malaria infections from the composition of PCR products derived from these infections.
The first 2 problems can be elegantly circumvented using features of the analysis software. The  software allows accurate measurement of peak height and area, which we have exploited to provide unbiased scoring of ' multiplicity '. In this data set we scored multiple alleles\locus when peak heights of minor products were 25 % of the height of the highest peak in each sample. This ' cut-off ' allows multiplicity to be strictly defined and for scoring of gels to be automated. Twenty-five percent was used, since this prevents minor ' stutter ' peaks from being miscored as additional alleles. This procedure also results in equal sensitivity to detect minor peaks in all samples, despite that fact there is considerable variation in the quantity of DNA amplified from different samples. The third problem -the quantitative nature of the PCR techniques used -is not addressed in this paper.
A number of features of the ' multiplicity ' data from the 57 samples analysed suggest that our methods are useful. First, we would expect variable loci to give higher estimates of multiplicity than loci showing little variation. This prediction is clearly supported in Fig. 4 , which shows a strong correlation between locus heterozygosity (H ) and the mean number of alleles observed per sample. A particularly encouraging feature of this graph is that the y-axis intercept is very close to 1. This is exactly what we would predict, since invariant loci (H l 0) should not reveal infections containing 1 allele. Secondly, there is extremely good agreement in estimates of multiplicity from the duplicate data sets. The largest discrepancy was observed for TA81 in which estimates differed by just 0n08. Furthermore, measures of numbers of alleles\sample were highly reproducible, as shown by the highly significant Fishers exact test P-values. Finally, there was a strong relationship between results obtained from different loci : samples which showed multiple alleles at one locus also tended to show multiple alleles at other loci.
Two caveats are worth mentioning for those interested in using microsatellite techniques for measurement of multiplicity. The relationship between florescence intensity and DNA concentration is only linear when peak heights are 4069 units ( manual). Hence, care should be taken not to overload gels, since this will reduce the stringency with which multiple infections can be defined and scored. ' Carry-up ' peaks are a second major hazard of overloaded gels. These spurious peaks may occur when the size range for 2 loci labelled with different colours overlap. In overloaded gels high peaks labelled with say blue, may show up as minor peaks in the locus labelled in green. In this data set such peaks were occasionally observed and were removed manually. This problem could be eliminated by running fewer loci in each lane, or by re-organizing the combinations of loci to reduce levels of overlap in size range of loci. An additional caveat concerns the use of peak height to quantify the relative concentration of different alleles present. Ideally, peak area rather than height should be used to measure the composition of multiple infections. We used peak height, which is not linearly related to DNA concentration, since it can be unambiguously measured.
Selective neutrality of microsatellite markers ?
In the introduction, we emphasized the importance of choosing marker loci which are not directly under selection. Unfortunately, just as demonstration of selection is problematic, unequivocal proof of neutrality is also extremely difficult to obtain (Ballard & Kreitman, 1995 ; Kreitman, 1996 ; Rand, Dorfsman & Kann, 1994) . We are therefore unable to state categorically that the loci described are selectively neutral. However, the loci used were selected randomly with respect to gene function.
Of the 12 loci used here, 4 are situated in genes for which full length sequences are available in GenBANK, while the other 8 are uncharacterized. XBLAST searches failed to reveal homology between these uncharacterized markers and sequences generated in the malaria genome project, and no homologous sequences were located in other organisms. We therefore have no idea as to the functions, if any, of these sequences. However, the fact that all the repeats are tri-nucleotides, that differences in length between alleles are measured in multiples of 3, that continuous reading frames are observed at all loci and that sequences flanking the repeat regions are conserved (manuscript in preparation), suggests that they are all situated in coding regions.
Of the 4 markers designed from sequences in GenBANK, the Gametocyte specific antigen (Pfg377) (Alano et al. 1995) is expressed in the osmophilic bodies of the gametocyte. Hastings (Hastings, 1996) has recently proposed a simple test for selection based on comparison of levels of infection complexity or oocyst heterozygosity in neutral loci with that seen in putatively selected loci. It is interesting that Pfg377 reveals a rather low mean number of alleles per sample for the observed level of heterozygosity. Further data and application of the ' Hasting ' test may reveal whether this results from sampling error or the action of selection. The marker Polyα is located in the ' housekeeping ' gene polymerase alpha, which is expressed inside the cell throughout the parasite life-cycle (White et al. 1993) . The function of PfPK2 and ARAII is not known. PfPK2 is found in a gene of unknown function which is contiguous with Protein Kinase (Zhao et al. 1992) and is not in the PK gene itself, while ARAII is an aspargine-rich protein.
Microsatellite sequences are extremely abundant in the genome of P. falciparum (Su & Wellems, 1996) and a dense microsatellite map is currently under construction (Xin-Zhuan Su, personal communication). It should be relatively simple to adapt further markers for use with field samples, and to target microsatellites to genomic regions of particular interest. Furthermore, the current interest in microsatellite evolution (Freimer & Slatkin, 1996 ; Goldstein & Pollock, 1997) , has led to the rapid development of models for analysis and interpretation of patterns of variation at these loci (Goldstein & Pollock, 1997) . These markers have many potential applications for work on the evolution, population genetics and epidemiology of P. falciparum.
